In vitro dissolution testing can serve as an effective and efficient tool for evaluating the influence of formulation and manufacturing variables on drug release characteristics. The targeted purpose will determine the method used and the implications of the test results. Regardless of its intended purpose, it is necessary to understand the factors influencing in vitro dissolution outcomes to avoid the introduction of error into the data interpretation. This will influence the selection of the in vitro test procedure, ensuring that the method can identify changes in the critical formulation and manufacturing variables. There is also a need to understand the rate limiting factors influencing in vivo product bioavailability both from a dissolution and an absorption perspective. Finally, to achieve in vivo biorelevance, it is necessary to understand how the selected in vitro dissolution test method reflects the variables impacting in vivo product dissolution behavior. This primer summarizes and integrates these diverse variables, fostering an appreciation of the strengths and potential pitfalls that may be encountered during the generation and analysis of in vitro dissolution profiles associated with oral dosage forms. This understanding is needed for developing a well-designed dissolution test procedure that is appropriately fit for purpose.
W hether designing in vitro dissolution studies or analyzing the resulting data, it is necessary to appreciate the interrelationship between in vitro product performance, drug physicochemical properties, product formulation, product in vivo dissolution behavior, and the biological variables influencing oral drug absorption. In turn, the nature of these relationships are defined by the thermodynamic (equilibrium) solubility of the active pharmaceutical ingredient (API), its ability to move across a biological membrane (enterocyte or the liver), and the fraction of the dose that successfully moves into the systemic circulation. Furthermore, some highly lipophilic compounds and product formulations allow for the preferential absorption of drug into the lymphatic rather than the portal circulation, thereby avoiding first pass metabolism (1) (2) (3) . These relationships are illustrated in Figure 1 .
The development of oral dosage forms typically focuses on solubilization of the API. The formulation can also exert biological effects that influence systemic availability, including the enhancement of lymphatic absorption, modulation of efflux pumps within the enterocyte, altering presystemic drug metabolism, and changing gastrointestinal (GI) transit time (4) (5) (6) (7) (8) (9) . For example, presystemic drug metabolism or transporter activity can be altered by the inclusion of antioxidants, such as derivatives of Vitamin E (10) .
Possible mechanisms by which lipid and surfactant formulations can increase oral bioavailability include (11):
1. Solubilization or wetting of the dissolving particle;
2. Prolonging residence within the GI tract due to decrease in gastric emptying and intestinal motility;
6. Increased membrane contact, which can increase the magnitude of intestinal drug absorption; and 7. Absorption via the lymphatics.
A brief description of additional ways that formulation may influence in vivo drug absorption is provided in the Appendix. Although these points should be considered during efforts to describe an in vivo-in vitro relationship, for this review, only those formulation effects associated with drug solubilization and dissolution will be considered.
UNDERSTANDING THE RELATIONSHIP BETWEEN SOLUBILITY, FORMULATION, AND PRODUCT DISSOLUTION CHARACTERISTICS Defining Solubility
Various definitions of solubility are described in the proposed new USP general chapter, <1236> (12) . The following terms are of importance to the discussions in this review.
Thermodynamic (equilibrium) solubility:
Maximum quantity of that substance that can be completely dissolved at a given temperature and pressure in a given amount of solvent and is thermodynamically valid as long as a solid phase exists in equilibrium with the solution phase. This value can differ as a function of pH, so equilibrium solubility is often described across a range of pH values.
Intrinsic solubility: Concentration of the unionized molecule in a saturated aqueous solution, existing in a thermodynamic equilibrium at a given temperature, and is determined at a pH where the drug is fully unionized (13).
Saturation solubility: Maximum amount of drug that can be dissolved in a given volume of fluid. It is often quantified by the dose number (
where M is the maximum administered dose, V o is the volume of the GI fluids, and C s is the intrinsic solubility of the drug (14) .
For any compound, D 0 will differ as a function of gastric volume and maximum administered dose. a period (seconds to months) (15) . Some formulations are specifically designed to support a supersaturated state, maximizing the amount of solubilized drug that interacts with the intestinal membrane (16) .
From the perspective of the API, the critical factors influencing the API in vivo solubility include (17):
• Intrinsic solubility
• pKa (the pH at which half of the drug is in its ionized form) if it is a weak acid or weak base
• Solid state characteristics (e.g., crystalline habit [i.e., the crystal characteristic external shape], particle size, solvates/hydrous/anhydrous substances). Anhydrous crystals and amorphic substances are typically more soluble forms of a drug.
• Stereochemistry (enantiomers have same solubility, but there can be differences (positive or negative) in solubility of racemic mixture vs separate enantiomers). Different stereoisomers can also influence the activity (safety and effectiveness), absorption, and metabolism of the compound.
• Salt form: Though salt forms are selected to enhance drug solubility, it is important to consider the milieu within which that form must dissolve. More about this issue is described in the next several paragraphs (common ion effects).
Regardless of whether it is the in vivo or in vitro solubilization of the drug that is being considered, the principles controlling the two processes are comparable. Understanding these processes as they pertain to the drug in question will help determine the most appropriate conditions for testing in vitro dissolution and the formulation to be used for in vivo drug delivery.
UNDERSTANDING THE DRUG SOLUBILIZATION PROCESS (12)
Considering a simple binary system, dissolution occurs spontaneously when the free energy of the solution is less than the sum of the free energies of the solute and solvent. The solubilization process continues until the free energy difference falls to zero, at which point equilibrium is established between the dissolved and undissolved forms of the compound (defining its solubility under that set of conditions).
The enthalpy change, or heat of solution, is controlled by two opposing interactions. Favoring API solubilization is the interaction between a molecule of the API and that of the solvent. Opposing this process are the cohesive energies of the solute for itself. When the attractive forces of solute for solvent predominate, the result will be an exothermic process and a negative heat of solution (i.e., heat is released). Conversely, when the energy required to break solute-solute bonds and solvent-solvent bonds exceeds the energy released by the solute-solvent interaction, the heat of solution is positive (endothermic), leading to a cooling effect. During in vitro dissolution testing, the constraint of solid state interactions is removed and energy is dispersed in the larger volume of the solution. Thus, with few exceptions, the entropy of solution is positive. Indeed, when the heat of solution is positive, dissolution is said to be entropically driven.
Ultimately, dissolution is an interfacial phenomenon. The surface tensions (surface free energy), which refers to the interface between a condensed phase (i.e., solid or liquid) and a gas, will be a critical determinant of the rate at which phase-interactions can occur. Each phase in the typical dissolution process has its own "surface" tension. For example, water has a relatively high surface tension resulting from strong intermolecular interactions dominated by hydrogen bonding. Water will spontaneously interact with (e.g., wet or spread on) a highenergy surface like cellulose, but it will not spontaneously wet a low energy surface like magnesium stearate. Drugs that are characterized as having low energy surfaces are typically low solubility compounds.
Another consideration pertains to the ability to maintain a concentration gradient favoring drug dissolution. According to the diffusion layer theory, there is a region (or stagnant layer) that exists adjacent to the solid particle. The solution of dissolved drug at the liquid solid interface is saturated, and diffusion from this region of high concentration to bulk solution occurs across the thickness of the boundary layer. The greater the concentration gradient -that is the more dilute the solution -the faster the mass transfer of solute through the boundary layer into the surrounding medium. For this reason, the dissolution rate of an immediate release formulation is typically fastest at the onset of dissolution and decreases as the concentration of the solution increases.
UNDERSTANDING IN VIVO FORMULATION EFFECTS
In vitro test development and their in vivo biorelevance rely upon product understanding and an appreciation of the rate-limiting factors influencing in vivo product performance. Because recently developed APIs often exhibit very strong self-affinity (low aqueous solubility), there is a focus on identifying formulation strategies that reduce the strength of these internal interactions (18) . Pharmaceutical techniques for enhancing aqueous solubility include use of solubility-enhancing excipients or molecular modifications (e.g., alternative salt forms, development of amorphous drug substance, or changes in particle size) (19) .
For poorly soluble drugs, the problem may not simply be getting the drug into solution but also maintaining this solubilized state. Supersaturation strategies include solvent-cosolvent systems, lipid-based drug delivery, and use of amorphous drug substances (20) . Co-crystals and crystalline salt forms can also improve drug solubility and dissolution properties without being thermodynamically unstable. Alternatively, inorganic materials such as silica are being considered as carriers for the delivery of poorly water-soluble drugs (21-23).
IN VITRO DISSOLUTION: POINTS TO CONSIDER Basic Considerations
The intrinsic dissolution rate is defined as the amount of drug substance that goes into solution per unit time under standardized conditions of temperature, pH, and solvent composition and constant surface area (24). Typically, we are more concerned with the dissolution rate of the formulated product than of the pure API. An overview of the history of in vitro dissolution testing was reviewed by Patadia et al. (25) . Optimally, the dissolution method should be established with the goal of being both discriminating (being able to identify changes in critical quality attributes of the drug product), biopredictive (predictive of those changes that will influence in vivo product performance), and sensitive to any changes in product integrity during its shelf life.
For any given product, the rate and extent of dissolution is determined by interactions between the solid particle and the liquid phases, solid-liquid mass transfer, rate and extent of particle disintegration and erosion, the ability of the particle to be suspended (as opposed to precipitating) within the dissolving fluids, and the interactions between the particle and the dissolving medium. Because dissolution is a dynamic process, fluid velocity and shear distributions (which can be affected by the location of the tablet within the vessel and the geometry of the system) can have measurable influence in the shape of the in vitro dissolution profile. These points are detailed later in this review.
The shape of the in vitro drug dissolution profile can be influenced by the following variables (26, 27) .
• Apparatus (note: position of apparatus, shape of vessel, vibrations, and other factors can influence in vitro test results). The considerations of sink conditions and mixing capability and an appreciation of the material constraints imposed by the dosage form are integrated into the selection of the dissolution apparatus (see Appendix for a description of the seven standardized USP apparatuses for dissolution).
• Agitation speed
• Temperature
• Media composition (pH, ionic composition and strength, solvents, and cosolvents). The selection of pH reflects whether the API is a weak acid or base, its pKa, and pH-associated changes in API stability. When possible, the pH selected should provide sink conditions and minimize the need to add a surfactant or solvent.
• Media volume. Typically, the volume of solvent used when conducting in vitro dissolution testing is determined by the equilibrium solubility of the API and the fluid volume needed to maintain sink conditions. The use of sink conditions ensures that the shape of the dissolution profile is influenced primarily by product formulation rather than by API solubility. Sink conditions are defined as no less than three times the volume of fluid needed to have a saturated solution (28) . Alternatively, sink conditions can be stated as the volume of fluid needed to fully dissolve three times the targeted amount of drug. However, there are situations when the use of sink conditions may camouflage formulation effects. Failure to discriminate between inequivalent formulations may occur when sink conditions are used to enhance oral bioavailability through the maintenance of a supersaturated state (22) .
API solubility and the stability of the API in solution need to be evaluated under several conditions. An Ishikawa diagram that lists all the variables pertaining to APIs and drug product characteristics that could affect the dissolution method development strategy is provided in Figure 2 . www.dissolutiontech.com
DESIGNING THE IN VITRO TEST
The in vitro test conditions should be developed based on drug physicochemical characteristics, solution stability, and drug-excipient interaction across a range of physiological pH values. Procedure optimization is contingent on minimizing sources contributing to the variability of the test.
Dissolution Media
Ideally, dissolution tests should be conducted using a physiologically relevant medium that can be linked to the in vivo performance. The medium should not detract from the ability to discern changes in the critical material attributes or manufacturing variables (quality control purpose). With the goal of achieving sink conditions, the volumes used are frequently within the range of 500-1000 mL (notwithstanding those situations when non-sink conditions are more appropriate, such as for formulations intentionally designed to create a supersaturated state).
To be predictive of in vivo product dissolution, the dissolution media should reflect the critical variables associated with API solubilization. For example, two bioinequivalent formulations of nimodipine (a very poorly soluble drug) were indistinguishable when tested in 0.3% sodium dodecyl sulfate (SDS) plus acetate buffer pH 4.5, as recommended by the 2000 edition of the British Pharmacopoeia (BP); however, formulation inequivalence was detected when tested in water (29) . When the concentration of SDS was lowered to 0.05%, the inequivalence of the two formulations was successfully demonstrated, even though a greater extent of dissolution than that in water was observed.
The pKa of the excipients may also need to be considered. For example, use of a buffered system with a pH ranging between pH 4.5 and 6.8 can lead to an interaction between the excipient, croscarmellose sodium, and a weak basic drug. For weak bases, it may be appropriate to test in vitro drug release using fasted simulated small intestinal fluid (FaSSIF) and fed simulated small intestinal fluid (FeSSIF) media to cover dissolution changes due to food-induced bile salt release and altered GI pH (30, 31) .
Use of water as a dissolution medium is discouraged because test conditions, such as pH and surface tension, can differ as a function of the water source. Furthermore, media pH can drift as the test progresses towards complete product dissolution, thereby necessitating use of a buffer system to control against changes in pH from the beginning to the end of the test. Buffer selection should be based upon its ability to maintain pH consistency throughout the test and the absence of a common ion that can suppress the dissociation of a weak electrolyte (32) . The presence of a common ion can decrease API ionization and solubilization, thereby favoring the API in its solid form. Alternatively, the presence of an uncommon ion may enhance solubilization if it has a high affinity for the salt form of the API.
In the presence of solubility constraints, there may be a need to employ surfactants. These compounds act as wetting agents by lowering the surface tension between the solid particle and the solvent. At concentrations above the critical micelle concentration, micellar solubilization is promoted. The use of surfactants may be appropriate when the drug is relatively insoluble, regardless of pH, or when solubilization of the API occurs at a nonphysiological (not biologically relevant) pH.
A surfactant is an amphiphilic molecule with polar and nonpolar regions that preferentially concentrate at the solute-solvent interface and decrease the interfacial tension. At higher surfactant concentrations (i.e., above the critical micelle concentration), micelles can be formed that enhance solubility. If a surfactant is needed to maintain sink conditions, its selection should be based on the characteristics of the API (for example, it is not appropriate to use anionic surfactants, such as sodium laurel sulfate, with a cationic drug).
In some cases, there is also a need to add a substance that can enhance the interaction between the solvent and the API by affecting the solvent surface tension. Examples of these dissolution-enhancing cosolvents are dimethyl sulfoxide and propylene glycol. Cosolvents can also positively affect dissolution by interacting with an excipient. For example, the increase in acetylsalicylic acid dissolution from tablets containing aluminum antacid in a medium with 1% citric acid has been attributed to the complexation of aluminum by the citric acid, thereby providing sink conditions for the excipient. However, in some cases, cosolvents can negatively influence tablet disintegration, thereby counteracting potential positive effects it may have on drug solubility (33). For example, lactose is more soluble in water than it is in alcohol. Therefore, when the dissolution medium contains alcohol, there may be a negative effect on the dissolution of the drug in the formulation, depending upon the amount of lactose in the formulation and the concentration of alcohol (e.g., ethanol or methanol) in the dissolution medium (34) .
For capsule formulations, cross-linking of the shell can significantly influence in vitro and in vivo product dissolution. The United States Food and Drug Administration (FDA) Center for Drug Evaluation and Research (CDER) 1997 dissolution guidance (35) indicates the possible need for enzymes (pepsin with SGF and pancreatin with SIF) to dissolve pellicles formed with gelatin capsule products to permit the dissolution of the drug.
Agitation
The targeted agitation speed should be as low as possible to maintain discriminative power and to reduce the risk of foam development when surfactants are present. Typically, agitation speed for the basket (USP apparatus 1) is maintained at 50-100 rpm, and that of the paddle (USP apparatus 2) is 50-75 rpm. When these conditions are inadequate to achieve the targeted extent of product dissolution, alternative conditions may need to be considered.
Adjustment of the agitation speed is a mechanism for controlling the fluid hydrodynamics of the test system. By controlling system sheer force, fluid hydrodynamics influence the thickness of the boundary layer, and accordingly, the rate of in vitro dissolution. Hydrodynamics, the motion of fluids and the forces acting on solid bodies, is affected by the velocity and shear stress/strain distribution of the test (36, 37) . Inadequate control of the system hydrodynamics can introduce variability into the dissolution process (38, 39) .
System Hydrodynamics
In addition to agitation speed, system hydrodynamics can be affected by the geometry of the system (vessel shape, agitation method, fluid sampling method) and the configuration of the dissolution apparatus (or tablet location within the dissolution vessel). When failing to achieve well-stirred conditions, there can be regions of high and low mixing and therefore an uneven distribution of dissolved drug. This phenomenon has been extensively studied using USP apparatus 2 (39) . www.dissolutiontech.com
One of the potential consequences of flawed hydrodynamics is the presence of a coning phenomenon. Coning occurs when the disintegrated mass does not move freely with the surrounding fluid. It is noticeable at typically used paddle rotation speeds such as 50 rpm, where a 'dead zone' forms at the bottom of the vessel due to the slower agitation rate, thereby trapping the drug particles. The result is an artificially induced slowing of the product in vitro dissolution rate. Potential solutions this problem include an increase in paddle speed or the use of peak vessels (vessels designed with a convex bottom to disturb building the coning and keep the particles floating into the vessels) (41, 42) .
METHOD VALIDATION
Method validation encompasses both the in vitro system and the analytical method, but only system-associated factors will be discussed in this primer. Method validation should demonstrate that the method is scientifically sound and guarantees accuracy, precision, and reproducibility (28) .
Setting In Vitro Release Specifications
Specifications can be used as a tool for: 1) in vivo predictions, to insure consistency between batches; 2) setting age specification; and 3) evaluating product stability throughout the shelf life. Ideally, in vitro specifications should track changes in the critical formulation factors that control the rate and extent of in vivo drug product dissolution. When such in vivo data are not available, specifications should be set based on formulation understanding and an appreciation of drug physicochemical properties.
Depending upon the release profile and duration of the in vitro dissolution and the intended purpose of the in vitro tests, the specifications may necessitate the inclusion of more than a single timepoint. For example, the previously mentioned 1997 FDA CDER dissolution guidance notes that for poorly water soluble drug products, more than one timepoint is recommended for routine quality control to insure consistent in vivo product performance (35) . The guidance also remarks that there may be occasions when a complete profile is needed for quality control. Multiple timepoint specifications may also be appropriate for some modified and extended release formulations. Each of these considerations underscores the importance of drug and drug product understanding. In so doing, the specifications can be used not only as a predictor of in vivo product performance, but also for ensuring batchto-batch consistency, identifying changes as a function of age, tablet hardness, moisture content, or excipient changes that can influence in vitro and in vivo product behavior.
Enhancing the Likelihood of In Vitro-In Vivo Relationships (IVIVR)
Product oral bioavailability is a function of several processes including in vivo product dissolution, drug movement across the intestinal membrane, loss due to gastric or intestinal metabolism or to drug instability, intestinal and hepatic first pass metabolism, and presystemic transporter functions. In vitro dissolution methods can only monitor the effect of formulation on in vivo drug dissolution. Thus, while there are a range of potential methods that can be used to establish an in vitro-in vivo relationship (IVIVR) (43) , a more precise prediction of in vivo dissolution may best be achieved using in silico physiologically based pharmacokinetic (PBPK) models (44) .
Irrespective of the method employed, the underlying assumptions associated with an IVIVR are that formulation is a critical determinant of in vivo oral bioavailability and that there is an in vitro test method that tracks the critical formulation and manufacturing variables influencing in vivo product performance. This complex set of interactions is illustrated in Figure 3 .
There are several reasons why an in vitro dissolution method may fail to correctly predict in vivo formulation effects:
• The drug is poorly soluble but very rapidly absorbed.
This can promote complete in vivo product dissolution because of physiologically induced maintenance of sink conditions.
• The product being evaluated is a nondisintegrating dosage form (monolithic systems), which may get caught in the stomach where it fails to dissolve.
• The product is a modified-release formulation and the in vitro method fails to adequately capture the rate-limiting process in drug release. This situation reflects a lack of product understanding and failure to identify an appropriate in vitro method.
• There is a specific absorption window in the intestine that, if the product fails to dissolve before passing this point, will result in in vivo failure. In situations where the in vitro method fails to capture these early time-point differences in drug release (too long a delay before first sample), or when the drug goes in solution more rapidly in vitro than in vivo (or vice versa), an interpretation of the biological relevance of the in vitro dissolution data can be flawed.
• The selected dissolution test conditions may fail to predict in vivo dissolution. Examples include the failure to use biorelevant media (leading to underor over-estimation of drug release) and excessive agitation (artificial minimization of unstirred boundary layer). The risk of these potential sources of bias can be minimized by drug and drug product understanding as it pertains to the targeted patient population (or animal species) being considered. Excessive or inadequate amounts of surfactant and cosolvents in the dissolution medium can also result in an inability to adequately identify the potential for product in vivo inequivalence or it may exaggerate the true difference in product in vivo performance, leading to an inappropriate interpretation of observed in vitro differences that in fact are without in vivo relevance (45) . A diagrammatic representation of this point is provided by Patadia et al. (46) .
• An additional critical consideration is the potential for excipients to have a biological effect that may not be predicted based on in vitro dissolution studies alone. For this reason, it is essential to consider the formulations being compared, the potential importance of pre-systemic metabolism or transporter activity in determining drug oral bioavailability, and the likelihood for the excipients used to alter transporter and enzyme function. These potential direct biological effects will go undetected when evaluating comparative in vitro drug dissolution profiles. Table 1 summarizes the known potential in vivo drug-excipient interactions (47, 48) .
With these points in mind, there are numerous examples where in vitro dissolution approaches could identify critical formulation effects on in vivo product performance (49) (50) (51) (52) (53) . These examples are highly informative in that they illustrate the kinds of questions and issues that can be resolved by appropriately designed in vitro dissolution test procedures.
In vitro dissolution testing can be a powerful tool for addressing a range of issues if drug and drug product understanding are interwoven into method development and analysis. It is our hope that the points covered in this review will be considered as our scientific community strives to optimize use of this tool for effectively supporting the many questions that influence the safe and effective use of oral pharmaceutical dosage forms. 
SUMMARY
Of utmost importance is understanding the physicochemical characteristics of the API, the rationale for product formulation selection and for that of the corresponding manufacturing conditions, and whether in vivo dissolution is the rate limiting step in the oral bioavailability process. Second, the dissolution media should have biological relevance. Media volume should be sufficient to maintain sink conditions, although that stipulation may need to be reconsidered for supersaturating formulations. Third, the hydrodynamics of the system can influence the variability associated with the test method. can be reduced by using peak vessels, which are vessels containing an inverted cone that is molded into the bottom of the vessel (noncompendial). However, the use of peaked vessels can create other hydrodynamic challenges (40) . Another point of concern is the potential for system wobble as this too can lead to unequal agitation and therefore a poorly controlled test (note that wobble must also be avoided when using the basket) (58).
USP Apparatus 3 (Reciprocating Cylinder)
This apparatus consists of an outer and inner vessel. The outer vessel is flat bottomed. The inner is a cylinder that goes up and down in the outer vessel (dips). Because the reciprocating cylinder drains at each upstroke, the cylinder can be transferred to different media, thereby simulating the changing fluid composition encountered as the formulation traverses the GI tract. Advantages of this system are 1) the capability to change the media during the test; 2) more turbulent hydrodynamics when compared to USP apparatus 1 and 2; 3) ability to handle products with poorly soluble APIs; and 4) suitability for non-disintegrating tablets and coated granules. The downside of using apparatus 3 is that it does not work well with disintegrating dosage forms and therefore tends to be used primarily with nondisintegrating extended release oral formulations. Other limitations of this equipment are the small volume of the vessel (not more than about 250 mL), and foaming with dissolution media containing surfactants due to the more turbulent hydrodynamics (making it necessary to use of antifoam agents).
USP Apparatus 4 (Flow-Through Cell Apparatus)
This apparatus can be operated as an open or closed system and therefore can be adapted for a wide range of dosage forms. Product dissolution rate is directly proportional to the rate of the fluid flow. This apparatus is appropriate for use across a wide range of dosage forms, but due to the continuous fluid flow, large volumes of fluid may be needed to complete the test.
USP Apparatus 5 (Paddle Over Disk)
This is a modification of USP apparatus 2 where there is a disk at the bottom of the vessel that serves to constrain the movement of the dosage form. This disk holds the dosage form flat and parallel to the blades. This method is typically used for transdermal system.
USP Apparatus 6 (Cylinder)
This apparatus consists of a stainless cylinder stirring element, composed of two parts, the upper cylinder and the extension that should be used in accordance with the size of the dosage form. Typically, this is also used to test transdermal system.
USP Apparatus 7 (Reciprocating Holder)
This is typically used for delivery methods such as osmotic pumps and transdermal systems.
FORMULATION EFFECTS ON IN VIVO DRUG ABSORPTION
Transporter activity can be modulated, either intentionally or unintentionally, by surfactants. For example, numerous nonionic surfactants have been shown to have an inhibitory effect on ABCtransporters such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP) and multidrug resistance proteins (MRPs) (10) , thereby increasing the fraction of drug absorbed across the enterocyte membrane. Alternatively, some excipients (e.g., the effect of cyclodextrins as solubilizers or the use of co-solvent systems such as propylene glycol and polyethylene glycol) can simultaneously enhance dissolution but hamper drug permeation (10) . These intentional and unintentional formulation effects need to be considered when using in vitro dissolution as a tool to predict in vivo product behavior and subsequent oral bioavailability.
Some formulation strategies influence whether the drug will be absorbed via the hepatic portal vein or by the lymphatics (thereby bypassing first pass drug metabolism) (60, 61) . For lipophilic compounds (generally, Log P > 5), absorption via the lymphatic system can potentially provide an alternative avenue for systemic access following oral administration of some highly lipophilic drugs. Importantly, this alternative absorption route allows the drug to avoid hepatic first pass metabolism (62) . Induction of a fed state can lead to a greater portion of these drugs to be absorbed into the lymphatics, thereby enhancing drug bioavailability (62) . Thus, when attempting to enhance drug solubility using lipid based formulations, there is a high likelihood that that formulation strategy will also have other biological consequences that are not detectable via traditional in vitro dissolution methods. An outstanding review of the use of lipids and lipid-based formulations for enhancing drug solubility, permeability, and recruitment of intestinal lymphatic drug transport has been provided by Porter et al. (62) and Trevaskis et al (63) . These reviews provide information not only on formulation effects but also on underlying mechanisms by which these formulation effects can occur.
